Electrochemical and photophysical properties of ruthenium(II) bipyridyl complexes with pendant alkanethiol chains in solution and anchored to metal surfaces d'Aleo, A.; Williams, R.M.; Chriqui, Y.; Iyer, V.M.; Belser, P.; Vergeer, F.W.; Ruiz, V.; Unwin, P.R.; De Cola, L.
INTRODUCTION
One of the necessary steps for building up molecular based devices is the crossing over from solution to solid state. Several possible strategies can be followed in order to include "intelligent" components into a matrix, e.g. polymerization, blending, evaporation or spin coating. For these methods no precise positioning of the components is attainable. In order to move from disordered solid samples to organized monolayers, it is necessary to assemble the molecules, via covalent [1, 2, 3, 4] or non-covalent interactions [5] [6] [7] [8] [9] [10] [11] [12] on a substrate and to study their properties at this interface. Amongst the responsive molecules, those addressable with light and able to give a strong emission signal are very appealing since any type of surface can be used and no wiring is required for their activation [13, 14] .
Consequently, the attachment of photoactive molecules to metal surfaces to develop molecular devices [15] [16] [17] [18] [19] , nanowire transitor [20, 21] , sensors [22, 23] or photovoltaic systems, able to mimic natural light harvesting and charge separation [24] [25] [26] [27] is a very important topic. For these purposes, ruthenium complexes containing polypyridine ligands are very good candidates as they possess lightresponsive properties, such as good absorption in the visible region, luminescent and long-lived excited states (triplet Metal-to-Ligand Charge Transfer ( 3 MLCT)) and reversible redox-properties [28, 29] . Unfortunately, the functionalization of the coordinated ligands, with e.g. mercaptoderivatives, is not straightforward and not many reports have appeared in the literature [30] [31] [32] [33] .
The attachment of thiol functionalized ruthenium complexes to surfaces such as gold [30, [34] [35] [36] and platinum [37] as well as semi-conducting surfaces [30] has been reported but there is little information on the quality of the packing, the distance between the chromophore (metal center) and the surface, the orientation of the molecules as well as the coverage, and the stability of the surface when different numbers of anchoring groups are present. Furthermore, a good understanding and correlation between the above mentioned parameters, and the influence of the metal surfaces, on the photophysical properties of complexes is lacking. It is, in fact, predicted that metallic surfaces could quench the emission of attached molecules by energy transfer and/or electron transfer from the luminophore to the surface [38, 39] . On the other hand, studies on fluorescent dyes showed that these surfaces can induce an emission enhancement [40] [41] [42] , as also shown for nanoparticles [43, 44] . The latter enhancement phenomenon is used intensively in techniques such as surface enhanced Raman [45] [46] [47] or infrared spectroscopy [48] [49] [50] [51] .
We therefore consider that a complete understanding of the layer formation, quenching processes and electrochemical behavior of luminophores on surfaces is an important Fig. (1) . Synthetic scheme for the preparation of the complexes and the nomenclature used. step for the development of electroluminescent devices or high-density sensor arrays.
Here we report the synthesis, electrochemistry and photophysical properties of four ruthenium trisbipyridine complexes in which one of the bipyridine ligands has either one or two alkyl chains in the 4,4' position(s) terminated with (protected) thiol group(s) (see Chart 1). The anchoring of these molecules to different surfaces and the study of the adsorbed layers by electrochemical techniques is described. The differences observed upon variation of the number and the length of these alkanethiol chains is discussed. Furthermore, the photophysical properties of these complexes and the corresponding funcionalized surfaces have been studied using emission spectroscopy and time resolved confocal microscopy.
RESULTS AND DISCUSSION

Synthesis
All the complexes under investigation and their abbreviations are reported in Chart 1. A novel synthetic strategy to prepare thiol derivatives in the 4,4' position of 2,2'bipyridine (bpy) is described. The bromoalkylbipyridine derivatives were obtained by reacting commercially available 4,4'-dimethyl-2,2'-bipyridine with lithium diisopropylamine . The deprotonated bipyridines were subsequently added to a solution of 1,n-dibromoalkane yielding the mono-or di-alkylated n-bromo-alkylbipyridines.
In order to prepare ruthenium complexes, the bipyridine derivatives were complexed with [Ru(bpy) 2 Cl 2 ] in deaerated DMF. The bromo function(s) were transformed into thioacetate function(s) using an "Amberlyte ® " resin grafted with thioacetate ( Fig. 1) [52] . The thioacetate was then deprotected to yield the free thiol by adding hydrazine [53] just before the measurements. All details concerning the synthesis and the characterization are reported in the experimental section.
Photophysical Properties in Solution
The UV/Visible absorption spectra of these complexes reveal the typical 290 nm band with a molar absorption coefficient around 6 x 10 4 M -1 cm -1 which is attributed to allowed -* transitions localized on the bipyridyl units [28] . The lower energy absorptions (455 nm) belong to the Metal-to-Ligand Charge Transfer ( 1 MLCT) transitions and are typical for the ruthenium trisbipyridine complexes ( = 1.3 10 4 M -1 cm -1 ). The small red shift compared with the unsubstituted bipyridines is due to the slight electron donating effect of the methyl/alkyl groups attached to the thiolate bpy [54, 55] . However, the difference in energy is so small that no separate MLCT bands can be detected. A representative spectrum for the bpy 2 RubpyC 7 S(CO)Me complex is shown in Fig. (2). The emission maxima of these complexes are observed at 616 nm and are attributed to the decay of the 3 MLCT state of the ruthenium trisbipyridine complexes. All the complexes have exactly the same emission properties, this is due, as already mentioned, to the slight electron donating properties of the alkyl chain where the lowest excited state involves the unsubstituted bipyridines. The emission lifetimes (150 ns aerated, 1 s deaerated) of these complexes as well as the quantum yields (0.013 aerated, 0.06 deaerated) are not influenced by the appended alkylthioacetate groups of different lengths. All the data are summarized in Table 1 . In a solid matrix (77K in butyronitrile glass), the emission maxima are blue shifted, as expected for CT states and already observed for bipyridine complexes (Fig. 1) [28] . The excited state lifetimes become longer (around 2.8 s) due to the lack of thermal population of the metal centered, 3 MC, state.
Electrochemical characterization of the complexes in solution and as self-assembled layers
Voltammetric studies were made with the complexes in solution and adsorbed on electrode surfaces. In the latter case, functionalized platinum, gold and indium tin oxide (ITO) surfaces, obtained by a simple immersion technique [56] (see Experimental Section), were investigated using cyclic voltammetry. A summary of peak separation ( E P ) and surface coverage ( ), along with other parameters, is reported in Table 2 .
Attempts to characterize the electrochemical behavior of self-assembled layers of the thiolated complexes on gold surfaces were compromised by the high anodic potential of the Ru II/III redox process for all the complexes, consistent with previous work [31] . However, the presence of a selfassembled layer on gold was evidenced by the substantial decrease of the voltammetric current for water oxidation/reduction (in 0.1 M KNO 3 aqueous solutions) compared to the response of the bare gold surface. Moreover, the presence of adsorbed ruthenium compounds was further evi-denced by contact angle measurements with water droplets, which showed an increase in hydrophilicity (contact angles decreased by 14-20°) of the grafted surfaces with respect to the bare gold [57] . This suggested that the hydrophilic ruthenium(II) headgroups in the adsorbed layers were exposed to the water drop. Similar decreases in the contact angle by 12-26° were reported for self assembled layers of Ru(bpy) 2 (bpy') where bpy' = 4-methyl-4'-(dodecyl-1thiol)-2,2'-bipyridine [30] . The change in hydrophilicity of platinum surface with self assembled layers with respect to bare platinum (contact angle decrease by 14-19°) was comparable to that on gold, tentatively suggesting a similar surface coverage on both metal surfaces.
Successful voltammetry measurements were made on platinum electrodes in acetonitrile solution. Cyclic voltammetry (CV) of the four complexes (0.1 mM complex in acetonitrile/0.1 M Bu 4 NClO 4 solutions) was first investigated in solution using a platinum disk as working electrode. Fig.  (3a) shows a typical CV obtained for the bpy 2 Rubpy(C 7 SH) 2 complex in solution, demonstrating the high degree of reversibility of the Ru II/III redox process (Nernstian peak separation) even at the highest scan rate examined (10 V s -1 ). The voltammetric response of the selfadsorbed complex on platinum, recorded in an acetonitrile solution containing only supporting electrolyte (0.1 M TBAClO 4 ), is also shown for comparison ( Fig. (3a) , dashed line). Self assembled adsorbed layers of the four complexes on platinum exhibited the characteristic electrochemical behavior of surface-confined species, with very small peak separations at all scan rates ( Table 2 ) and peak current (i P ) values linearly dependent on scan rate (v) ( Fig. (3b) ).
The high anodic potential of the Ru II/III couple precluded its study on platinum and gold in aqueous solution. However, very well defined voltammograms were obtained for self assembled layers on ITO in 0.5 M H 2 SO 4 solutions, as illustrated in Fig. (4) . The very small separations (8-21 mV) between anodic and cathodic peaks even at the highest scan rates examined (5 Vs -1 ) were remarkable, showing the high reversibility of the redox process in aqueous media. Moreover, self assembled layers on ITO surfaces proved very stable to repetitive cycling, with the charge remaining constant over one hundred cycles. Fig. (4) . Cyclic voltammograms of a SAM of bpy 2 RuBpy(C 4 SH) 2 on ITO (4.3 10 -11 mol cm -2 ) in 0.5 M H 2 SO 4 . Scan rates: 1, 2, 5 and 10 Vs -1 . Inset: anodic peak current vs. scan rate.
The redox potentials and peak separations of the Ru II/III redox couple are summarized in Table 2 for the four complexes, both in acetonitrile solutions and self-adsorbed on platinum and ITO surfaces. Surface coverage, as estimated by the integration of the anodic wave, is also given in Table  2 for self assembled layers of the four complexes on platinum and ITO. There are no significant differences between the redox potentials of each compound in solution and the value for pre-adsorbed molecules on the electrode surface. Also the redox potentials of the four adsorbed complexes are almost identical. The surface coverage of the four complexes is almost an order of magnitude higher on platinum than on ITO, which agrees well with the expected weaker chemisorption of the thiol groups on ITO surfaces. Although the solvent systems are different, the significantly smaller E P for the self assembled layers on ITO in aqueous solution, as compared to self assembled layers on platinum in acetonitrile solution, coupled with the much lower surface coverage could suggest a different arrangement of the complexes on the ITO surface. It has been proposed for a similar complex that the molecule could lie flat on an ITO surface [30] . Such an orientation would reduce the distance from the ruthenium centre to the electrode surface with respect to that in self assembled layers on platinum, where the adsorption occurs via the sulfur atom. The smaller Ru II/III centre-electrode distance on ITO would explain the faster electron transfer reaction in both directions.
Interestingly surface coverage of three of the complexes on platinum was similar, with the exception of the bpy 2 RubpyC 4 SH complex which exhibited a 4-fold lower coverage. At first sight, these results are perhaps surprising since the complexes with two alkyl thiolate chains are expected to possess a better geometry and a stronger chelating effect leading to the formation of more stable adsorbed layers. However, such chelating effect is only observed in the complexes with shorter anchoring chains (comparing the surface coverage of bpy 2 RubpyC 4 SH with bpy 2 Rubpy (C 4 SH) 2 ) and not in the two complexes with the longer chains. Also, longer anchoring chains only seem to facilitate higher surface coverage in complexes with only one anchoring group, as evidenced by comparing the surface coverage data of bpy 2 RubpyC 7 SH and bpy 2 RubpyC 4 SH. As on platinum surfaces, bpy 2 Rubpy(C 4 SH) 2 showed the highest coverage on ITO, 11% (based on an estimated area of 100 Å 2 /molecule), while for the other complexes, only around 1.5-3% of the surface was covered by the adsorbate. These results, combined with the surface coverage on platinum, showed that the optimum number of carbon atoms spacing the ruthenium centre from the sulfur atom or the optimum number of tails are parameters which are difficult to tune. From these results, it can be concluded that, in complexes with short tails, two anchoring groups result in more efficient coverage whereas with longer chains complexes with two chains appear to lead to similar coverages as those with single chains of the same length.
Photophysics of the functionalized surfaces
The photophysical behavior of the complexes bpy 2 RubpyC 4 SH, bpy 2 Rubpy(C 4 SH) 2 , bpy 2 RubpyC 7 SH, and bpy 2 Rubpy(C 7 SH) 2 on the different surfaces were investigated using emission spectroscopy. Attempts to record emission spectra with a conventional spectrofluorimeter were unsuccessful because of the weakness of the signals and the high scattering of the metal substrates. Therefore, the solid samples were investigated by fluorescence and confocal microscopy.
Fluorescence microscopy investigations showed that the complexes are not uniformly distributed on the entire surface but they tend to aggregate in smaller islands (Fig. 5A) . To understand the effect of the surface on the photophysical behavior confocal microscopy experiments were performed on gold and platinum substrates.
Selective observation of the ruthenium emission ( ex = 440 nm; det = 580-680 nm) resulted in dotted patterns with an irregular distribution. These dots appeared as concentric rings (Fig. 5 ) when using the defocus mode (diffraction of the emission of the substrate) [58, 59] . The in-homogeneity of the surface coverage was confirmed by the intensity of the emitted light that was not equal over the observed area. Furthermore, when increasing the highlight value, some spots disappeared. Given that the spot sizes are at the diffraction limit, the different emission intensities are most likely due to domains on the surface, which have different lateral dimensions, but are all smaller than the diffraction limit ( Fig. 6) . Most significantly, these patterns indicate that distinct island formation occurs, rather than a homogeneous layer. It is apparent that, on the visualization of adsorbate irregularities, these results are consistent with the low coverage (between 9 and 47 %) observed for all metal surfaces (see electrochemical characterization). On platinum and gold surfaces, the emission lifetimes of ruthenium complexes were determined ( Table 3) . On platinum, analysis of the decay curves resulted in a biexponential fit, consisting of a long-lived component (around 3-4 ns for all species) and a pulse-delimited component (200 ps). The latter component was then attributed to the laser light reflected by the metallic surfaces because of identical results when the measurements were performed on a bare platinum surface. The 3-4 ns component ( ) can be attributed to the ruthenium complexes present on the surface indicating that quenching occurs in such an assembly. Furthermore, similar measurements on a gold surface also revealed two components, with one arising from the bare surface and the second attributable to the attached ruthenium center. On this surface, lifetimes of around 6 ns were found, which are substantially longer than observed on platinum. To prove that the complexes were covalently linked to the surfaces via the thiol functionality, several attempts were made to adsorb Ru(bpy) 3 2+ on the metallic surfaces but no coverage was detected. Therefore, to obtain a lifetime reference value ( 0 ), the emissive lifetime of ruthenium trisbipyridine powder on glass was detected (180 ns). Based on the difference in lifetime, between the complexes on gold and glass, we can conclude that energy/electron transfer from the ruthenium center to the gold surface does occur, with a relatively slow rate constant. The rate k eT can be calculated from [60] : k eT = 1/ -1/ 0 yielding a transfer rate constant of 2.8 10 8 s -1 on platinum and 1.7 10 8 s -1 on gold. This rate constant has to be seen in the light of the structure of the complexes on the surfaces, which is dominated by island formation.
In view of these results, we conclude that we observe an average energy transfer rate that is the combination of the rates in layers of different dimensions but still, the quenching noticed is high for both surfaces in comparison to ruthenium trisbipyridine powder deposited on a surface.
CONCLUSIONS
The electrochemical and photophysical properties of ruthenium (II) trisbipyridine complexes with pendant alkanethiol chains were determined in solution and anchored to metal surfaces. In solution, the photophysical and electrochemical behaviour of the substituted ruthenium complexes are similar to those of Ru(bpy) 3
2+
. Contact angle measurements on the self assembled layers show that a hydrophilic surface is formed and electrochemistry indicates a surface coverage between 2 and 47 %, depending on the number of chains, their length and the type of surface. Confocal microscopy shows island formation and time resolved emission indicates an averaged life time of 4 ns on platinum and 6 ns on gold from which energy/electron transfer quenching rate constants were obtained (2.8 10 8 s -1 and 1.7 10 8 s -1 , respectively).
It is clear that the lack of a good organization on the surfaces is an important issue for the use of such complexes in nano-devices. The assembly led to the quenching of the emission, however a strong correlation between the distance, the anchoring points and the emission lifetime was not observed. The shape, and perhaps the charge, of the complexes are likely to play an important role in the assembly process and an improved methodology must be envisaged to obtain a high surface coverage and a better quality of the adsorbed layer with this type of complexes.
EXPERIMENTAL PART General
All chemicals were purchased from Acros or Aldrich and were used as received. All solvents for synthesis were of analytical grade and used without further purification. For the spectroscopy, spectroscopic grade solvents were used. 1 H-NMR spectra were recorded on a Varian Gemini-300 spectrometer. Chemical shifts ( ) are given in ppm, using the deuterated solvent as internal standard.
Photophysical Measurements
The UV/vis absorption spectra were recorded on a Hewlett Packard diode array 8453 spectrophotometer. Recording of the emission spectra was done with a SPEX 1681 Fluoro-log spectrofluorometer. Low temperature emission spectra for glasses and solid state samples were recorded in 5 mm diameter quartz tubes that were placed in a Dewar filled with liquid nitrogen and equipped with quartz walls. The emission spectra were corrected for monochromator and photomultiplier efficiency and for xenon lamp instability. Lifetimes were determined using a Coherent Infinity Nd:YAG-XPO laser (1 ns pulses FWHM) and a Hamamatsu C5680-21 streak camera equipped with a Hamamatsu M5677 low speed single sweep unit.
A sub-nanosecond single photon counting setup was used for time-resolved fluorescence measurements. The excitation source consisted of a frequency doubled (300 -340 nm, 1 ps, 3.8 MHz) output of a cavity dumped DCM dye laser (Coherent model 700) that was pumped by a mode-locked Ar-ion laser (Coherent 486 AS Mode Locker, Coherent Innova 200 laser). A microchannel plate photomultiplier (Hamamatsu R3809) was used as the detector.
Cleaning of Substrates and Preparation of Self Assembled Layers
Prior to use, ITO films on glass (Delta Technologies, Ltd., USA) were cleaned by sequential sonication (10 min) in water, absolute ethanol and propanol, and rinsed again with water just before use. Gold and platinum films (100 nm thick) were evaporated on glass using a 10 nm thick adhesive underlayer of chromium or titanium respectively. The films were cleaned in Piranha solution for 20 min, rinsed with water and ethanol and dried with N 2 (CAUTION: Piranha solution can react violently with organic material and should be handled with extreme caution). Platinum disks were cleaned mechanically by polishing with 0.05 μm alumina (Buehler) on a polishing cloth (Buehler), rinsing with water and sonicating in water for 10 min. The electrodes were then placed in a hot concentrated nitric acid solution for 10 min. Finally, the electrodes were cycled between +1.8 and -0.8 V at 4 V s -1 for 2 min in a 1 M sulfuric acid solution.
For voltammetric measurements on self assembled layers, the ruthenium complexes were allowed to adsorb onto the electrode surfaces by immersing the clean substrates in 1 mM solutions of the ruthenium complexes in acetonitrile overnight. Next, the substrates were rinsed with acetonitrile and methanol to remove any physisorbed material after which they were finally dried with N 2 .
Electrochemical Measurements
Cyclic voltammetry (CV) measurements were made in a three-electrode arrangement using an electrochemical analyser (CH Instruments, model CHI 400). A platinum wire was always used as the counter electrode. Different working electrodes were employed, such as ITO (0.14 cm 2 ), a platinum disk (1.6 mm diameter, area 0.02 cm 2 ) and both platinum and gold thin films deposited on glass (100 nm thick, area 0.25 cm 2 ). A saturated calomel electrode (SCE) was used as the reference electrode in aqueous solutions and an Ag/AgNO 3 reference electrode (157 mV vs. SCE) was employed in 0.1 M Bu 4 N ClO 4 /acetonitrile solutions.
Contact Angle Measurements
Dynamic contact angle measurements were made with Milli-Q water under ambient conditions. Water drops (5 μL) were placed at five different spots on the substrate surface and the average of these measurements is reported.
Confocal Microscopy Measurements
Confocal microscopy images were obtained with a Mi-croTime 200 fluorescence lifetime microscope system (Picoquant) coupled to an Olympus IX71 inverted microscope. The excitation source consisted of a pulsed blue-diode laser (PDL 800-B, PicoQuant Berlin) with a wavelength of 440 nm, providing output pulses of < 100 ps. All measurements were conducted in a dark compartment at room temperature in air.
Fluorescence Microscopy
An epi-fluorescence microscope (Axioplan, Germany), equipped with a 63x long distance objective (NA 0.90) and standard fluorescence filter sets, was used. Images were taken by a CCD camera (KAPPA, Germany), digitized by a frame-grabber card, and processed by imaging software. Bromo-1-butyl)-4'-(methyl)-2,2'-bipyridine (bpyC 4 Br) In a 100 mL Schlenk flask, distilled diisopropylamine (1.14 mL, 8.14 mmol) was added to dry THF (20 mL) under nitrogen. The solution was cooled to -68 °C and nbutyllithium (6.51 mmol) was added dropwise. The resulting lithiumdiisopropylamine (LDA) solution was stirred at this temperature during one hour and was then allowed to reach room temperature.
4-(4-
In a 250 mL flask, 4,4'-dimethyl-2,2'-bipyridine (1.00 g, 5.43 mmol) was solubilized in dry THF (100 mL). The solution was cooled to -68°C. Then, the above-prepared solution of LDA was added dropwise over a period of 30 min after which the solution was stirred for another 45 min. After this period the solution was allowed to reach room temperature.
In a 500 mL flask (high dilution conditions), the aboveprepared bipyridine solution was slowly added to a cooled solution (-68°C) of 1,6-dibromopropane (21.9 g, 108 mmol) in dry THF. The resulting solution was stirred for one hour and then allowed to reach room temperature. Finally, the solution was stirred at room temperature for 14 hours.
The reaction was quenched with HBr 48% (5 mL) and the solution was concentrated under vacuum. The precipitate was filtered off and dissolved in water. Then, K 2 CO 3 was added until pH = 7 was reached. Finally, the aqueous layer was then extracted with chloroform, dried with MgSO 4 filtered and the solvent was evaporated under vacuum. 
4,4'-bis(4-Bromo-1-butyl)-2,2'-bipyridine (bpy(C 4 Br) 2 )
This ligand was synthesized as described elsewhere [61] . 
7-(7-Bromo-1-heptyl)-4'-(Methyl)-2,2'-bipyridine (bpyC 7 Br)
In a 100 mL Schlenk flask, distilled diisopropylamine (1.9 mL, 16.4 mmol) was added to dry THF (30 mL) under nitrogen. The solution was cooled to -68 °C and nbutyllithium (5.26 mL, 13.1 mmol) was added dropwise. The resulting solution was stirred at this temperature over a period of one hour. The solution was allowed to come to room temperature.
In a 250 mL round bottom flask, 4,4'-dimethyl-2,2'bipyridine (2.02 g, 11.0 mmol) was solubilized in dry THF (100 mL) and cooled to -68 °C. Then, the above-prepared solution of LDA was added dropwise over a period of 30 min after which the solution was stirred for another 45 min. Finally, the resulting solution was allowed to return to room temperature.
In a flask of 500 mL, the above-prepared bipyridine solution was added to a cooled solution (-68°C) of 1,6dibromohexane (53 g, 220 mmol) in dry THF. The resulting solution was stirred for one hour and allowed to return to room temperature. Finally, the solution was stirred at room temperature for 14 hours.
The reaction was quenched with 10 mL of acidic water (1 mL HBr 48%) and the solution was concentrated under vacuum. Then, 40 mL of HBr 25 % was added after which the aqueous phase was extracted with chloroform. After evapo-ration of the chloroform, the remaining the oil was mixed with a small quantity of chloroform (or ether) and the precipitate was filtered off and washed with cold chloroform and ether.
The protonated bipyridine (2.1 g) was then solubilized in water and Na 2 CO 3 was added until neutrality was reached. The water was extracted with chloroform and the organic phase was evaporated giving a pinkish oil. This oil was dried under vacuum over night at 50 °C giving a pinkish solid. 
7,7'-bis(7-Bromo-1-heptyl)-2,2'-bipyridine (bpy(C 7 Br) 2 )
In a 100 mL Schlenk flask, distilled diisopropylamine (3.8 mL, 32.8 mmol) was added to dry THF (30 mL). The solution was cooled to -68°C. n-Butyllithium (10.52 mL, 26.2 mmol) was added dropwise. Then, the solution was stirred over a period of one hour and allowed to reach room temperature.
In a 250 mL flask, 4,4'-dimethyl-2,2'-bipyridine (2.00 g, 10.9 mmol) was solubilized in dry THF (100 mL) and cooled to -68°C. Then, the freshly prepared LDA solution was added dropwise over a period of 30 min after which the solution was stirred for another 45 min. After this period the solution was allowed to reach room temperature.
In a 500 mL flask, the above-prepared bipyridine solution was added to a cooled solution (-68°C) of 1,6dibromohexane (53 g, 220 mmol) in dry THF. After stiring for one hour at -68° the solution was allowed to reach room temperature where it was stirred for another 14 hours. The reaction was quenched with 10mL of acidic water (1 mL HBr 48%) and the solution was concentrated under vacuum. After the removal of THF under vacuum, water (50 mL) was added and the aqueous phase was extracted with chloroform. The chloroform was evaporated and the resulting pinkish oil was purified by chromatography on silica using a dichloromethane/ethyl acetate (7:1) as eluent. Finally, the solid was dried at 40°C under vacuum for one night. 
General way to Prepare Ruthenium Complexes
A solution of [Ru(bpy) 2 Cl 2 ] (1 equivalent) and bromoalkylbipyridine (1.05 equivalent) in DMF was degassed and then heated at 90 °C for 100 hours under nitrogen.
After this period, the DMF was removed under vacuum via azeotropic distillation with toluene. The remaining solid was solubilized in water and washed multiple times with chloroform. The water layer was then concentrated and the compound was precipitated with ammonium hexafluorophosphate. The compound was purified by column chromatography on silica gel using acetonitrile/water/methanol/ sodium chloride 4:1:1:0.1 as eluent. After removal of the organic solvents, the product was precipitated from the re-maining water phase by adding ammonium hexafluorophosphate. The precipitate was filtered off over celite, washed with water and dried with ether. The product was reextracted from celite by addition of acetonitrile.
The product was dried at 50 °C under vacuum over night. 
General Procedure to Prepare Thioacetate Ruthenium Complexes
The bromoalkyl ruthenium complex (about 80 mg) and Amberlyte (bearing thioacetic acid as functional groups) (500 mg) in acetone (30mL) were stirred at room temperature for 4 days. After this period, the Amberlyte was filtered off and the acetone was evaporated. This operation was repeated 4 times with Amberlyte® and acetone being freshly added after each step. After the fourth cycle, the solid was dissolved into acetonitrile/water/methanol/sodium chloride 4:1:1:0.1. The acetonitrile and the methanol were evaporated. Finally, ammonium hexafluorophosphate was added to precipitate the ruthenium complex from the remaining water phase. The orange solid was filtered off over celite, washed with water, dried with ether and re-extracted with acetonitrile. After evaporation of acetonitrile, the resulting product was dried under vacuum over night.
bpy 2 RubpyC 4 S(CO)Me
Yield: 60% (M = 1003.80 g mol -1 , C 37 H 36 N 6 SORuP 2 F 12 ), Mass spectrometry (ESI, m/z) : 858.77 (M -PF 6 ) (M -PF 6 ),
General Procedure for the Thiol de-Protection in the Ruthenium Complexes
In a 50 mL flask, the protected thiol-ruthenium complex was solubilized into DMF. The solution was degassed, hydrazine (1.5 Eq) was added and the reaction was stirred for 1 hour at room temperature. The solution was neutralized adding acetic acid. The solution of DMF was then poured into a solution of ammonium hexafluorophosphate in water. The orange solid was filtered off over celite, wash with water, dried with ether and re-extracted with acetonitrile. Note that the de-protection is done just immediately prior the measurements.
